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1 Context and objectives

1.1 MOX vs. UOX long-term corrosion in the disposal environment

The direct disposal of irradiated fuels in deep geological repositories is a major societal issue
for several countries. This option requires a thorough knowledge of the processes which may
lead to any release of radionuclides into the biosphere. The French National Radioactive
Waste Management Agency (Andra) has selected a Callovo-Oxfordian (COXx) clay formation
for the deep repository of radioactive waste. The COx reducing environment is interesting due
to the low solubility of uranium dioxide (UO,) under such conditions. UO, is the main
constituent of the matrix of UOX (uranium oxide) spent fuels. However, the alpha activity of
spent fuel may locally disrupt the reducing conditions by inducing alpha radiolysis of the
surrounding water, and thus producing oxidizing species like hydrogen peroxide (H,0O;). The
transformation rate of the essentially insoluble U(1V) in the UO; fuel matrix to the much more
soluble oxidized U(VI) compounds is a critical issue because actinides and fission products
are entrapped in the UO, matrix. It will be responsible for the long-term radionuclide releases
beyond the instant release fraction (IRF). This sequence of mechanisms is known as the
radiolytic dissolution of UO; (Shoesmith, 2000; Ewing, 2015).

MOX (mixed plutonium and uranium oxide) fuels are currently used in several European
nuclear reactors. In the hypothesis of direct disposal of spent fuel, whether the knowledge
acquired for UOX fuels (Ewing, 2015) can be transferred to MOX fuels is still a debated
issue. The activity of the MOX could be higher but the resistance of Pu-enriched
agglomerates specifically found in MOX fuels is expected to play a beneficial role
(Odorowski et al., 2016). Their results indicated a very fast dissolution of the UO, grains,
likely due to the high alpha-activity induced by the surrounding plutonium agglomerates. On
the contrary, the plutonium agglomerates were not altered over the leaching. It is consistent
with the stabilizing effect of the plutonium on the oxidation of the fluorite matrix (Jegou et
al., 2010b). Bauhn et al. (2018) also concluded that plutonium led to a higher stability of the
fluorite structure in high-Pu content heterogeneous MOX (24%). From a scientific
perspective, the understanding of the properties of Pu-enriched agglomerates can be addressed
by studying simpler homogeneous MOX materials with a consistent set of leaching
experiments.

In recent years, there has been an increasing focus on ensuring that data and models are
capable of supporting the long-term performance assessment of geological repositories (De
Windt and Spycher, 2019). This means that spent nuclear fuel experiments must be done
under repository-like conditions and using materials representative of those expected in the
repository. In this context, it is well known that the presence of redox active species like
hydrogen in the environmental water may scavenge the radiolytic dissolution od spent-fuel
(e.g. Spahiu et al., 2004; Ewing, 2015). Whether iron may also counteract the water radiolysis
effects has been studied more recently (Amme et al., 2012; Liu et al., 2016; Odorowski et al.,
2017). In particular, there is a need to understand the behavior of the fuel in truly reducing
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conditions imposed by the corrosion of the metallic iron containers encapsulating the waste.
In this context, recent laboratory experiments (Odorowski et al., 2017) investigate the effect
of ferrous iron (Fe?*), a reducing aqueous species coming from the corrosion of the steel
canisters, on the oxidative dissolution of UO,. The studies showed that the consumption of
H.0, by Fe(ll) at the uranium fuel pellet’s surface prevented UO, dissolution by H,O, and
leading to Fe(l11)-(oxy)hydroxide precipitation on the UO; surface.

1.2 Chemical and reactive transport modeling for the performance assessment

Reactive transport models (RTMs), by definition, can simulate the transport and chemical
reactions of multiple solutes (and gases) and their chemical interaction with rocks over
various time and spatial scales. Reactive transport models have, therefore, become an
invaluable component in assessing the potential performance of a repository, which requires
an understanding how the various barriers evolve through space and time (De Windt and
Spycher, 2019). Reactive transport modeling is also capable of great generality and flexibility
and can be applied to a wide range of natural processes, as well as to engineering issues such
as metal corrosion or bentonite alteration. Although the use of RTMs for deterministic
predictive simulations is limited, these models can help constrain future repository behavior
with sensitivity analyses and scenario modeling of the various disposal subsystems.

Data gathered from experiments (DISCO and others) are considered and used to develop
thermodynamic and kinetic chemical models, as well as reactive transport model, which will
provide the basis for understanding the behavior of spent nuclear fuel in the presence of
components of the near field of the disposal cell. A reactive transport model has already been
applied to the set of laboratory experiments of Odorowski et al. (2017). Modeling accurately
reproduced the mineralogy of the system under study and predicted the nature of the phases
under observation, as well as the location of their precipitation. Inverse modeling also
quantified the reaction kinetics and diffusion fluxes between the different oxidizing and
reducing species. Modeling showed that a lower reaction rate would displace the Fe?*/H,0,
redox front farther away from the pellet’s surface, coinciding with the release of uranium and
the formation of FeOOH colloids. However, this alternative model result disagreed with the
experimental data. The knowledge gained from such modeling at laboratory scales can then
serve as a basis for simulations at larger scales in the context of long-term performance
assessment — such as assessing whether the steel of the waste canisters inhibits the oxidative
dissolution of the UO, spent fuel pellets.

1.3 Objectives and content of this progress report

The work package WP5 of the DISCO project is devoted to the development and application
of chemical and reactive transport models describing the solid and aqueous phases of different
types of spent fuels. For the present sub-task of WP5, homogeneous MOX pellets (24 wt.%
Pu, Up73Pup2702) were considered to better investigate the effect of plutonium (content and
repartition) on the dissolution resistance and mechanisms. To the best of our knowledge, no
data were found in the literature on the kinetics of dissolution of homogeneous U;.xPuyO, with
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high plutonium content under environmental conditions (neutral pH...). This is a key point
required for the safety assessment of future disposals of any kind of MOx fuels. More
generally, data is also needed for a better understanding of the chemistry of Pu-U oxide solid
solutions in contact with water.

The CHESS code (chemical modeling, Section 2) and HYTEC code (reactive transport
modeling, Section 2) were used with the modeling parameters directly derived from lab
leaching experiments.

Modeling was first applied (in Section 3) to experiments that were conducted in carbonate
water to quantify the dissolution rates of the homogeneous MOX matrix, with an emphasis on
the strong disproportionation of H,O, at the surface of the Pu-enriched oxide. The
experimental data and kinetic parameters (Kerleguer et al.) had not been acquired in the
framework of the DISCO Project. However, further modeling of the experiments were done
in the DISCO Project for the sake of developing a full reactive transport model of the WP4
experiment (see below) and its application for performance assessment of the spent MOX fuel
package in a disposal cell.

In a second step (Section 4), the reactive transport modeling dealt with leaching experiments
that were carried out in order to determine the effect of the near-field repository environment;
that is to say synthetic COx clay water with a coupon (foil) of metallic iron. This approach
resulted from a tight collaboration between the experimental contribution (WP4) and
modeling (WP5) on the dissolution of a homogenous U;.xPuyO, within the DISCO project.
The WP4 experiment is still in progress. Therefore, the modeling was only based on the data
already available and will be improved in the final report. Again, emphasis was given on the
development of a model useful for performance analysis of representative configuration of
spent MOX fuel package in a disposal cell (perspectives in Section 5).
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2 Modeling codes and database

2.1 Chemical modeling with CHESS

CHESS is the geochemical module of HYTEC (van der Lee et al., 2003) that simulates the
chemical equilibrium state of complex aqueous systems, including minerals, organics,
colloids and gases. Aqueous speciation and reaction, precipitation/dissolution of solid phases,
adsorption (surface complexation, ion exchange) and reaction path simulations can be done
with CHESS. The aqueous chemistry includes acid/base reactions, oxidation and reduction
(redox) processes and aqueous complexation by organic and inorganic ligands. CHESS uses a
mixed kinetic-thermodynamic equilibrium approach. The thermodynamic equilibrium state of
the chemical system is calculated according to the usual mass action equation

n,A+n,B = n.C+nyD (2-1a)
K (©)"«Dy™ -AG 2-1b
- (A)"a(B)”b_ eXpL RT J (- )

where n; is the stoichiometric coefficient, K is the thermodynamic equilibrium constant of
formation, Gy is the Gibbs free energy of the reaction, R is the perfect gas constant and T is
the absolute temperature. CHESS uses equilibrium constants, not Gibbs free energy data.

The following time-dependent kinetic rate formulation for the dissolution and precipitation of
a given mineral M; (Lasaga, 1981) is implemented in HYTEC:

diM] L QP

— = ke, U (A)) ((—S) -1 (2-2)
where the brackets stand for the concentration of the mineral M, k; denotes the intrinsic rate
constant far from equilibrium, A, is the mineral surface area usually derived from the specific
surface of the mineral, (A;) is the activity of a given dissolved species j, a; and p are power-
constants, mechanistically-based or fitted to experimental data (a positive power stands for a

C

catalyzing effect, a negative power for an inhibiting effect). The term gf% - 13 is the
¢
S

saturation state dependent term, where Q; stands for the ion activity product and K; is the
thermodynamic formation constant. If this term is greater than one (oversaturation state), Eq.
2-2 corresponds to a precipitation reaction. If this term is smaller than one (undersaturation
state), Eg. 2-2 corresponds to a dissolution reaction. At equilibrium, this term becomes zero
likewise the Kkinetic rate.

2.2 Thermodynamic data

The thermodynamic database “ThermoChimie” (Giffaut et al., 2014) was used for all the
simulations. ThermoChimie developments focus on evaluating specific conditions of the near

DisCo 9



field of radioactive waste, and the database is up-to-date with respect to the NEA compilation
on the thermodynamics of fission products and actinides (Guillaumont et al., 2003).

With respect to the aqueous species, molecular hydrogen Hy(aq) produced by the anoxic
corrosion of iron was fully decoupled (Kkinetic inhibition) from the redox reactions in the
modeling, e.g. it could not reduce H,O, or U(VI) in solution. The disproportionation of
H.0,(aq) into H,0 and O,(aq) was under kinetic control only. A sensitivity analysis were also
done on the very strong aqueous ternary complexes CaUO,(COs)s> and Ca,UO,(CO3)s(aq),
including them or not in the modeling.

With respect to the solid phases, based on the literature review (Haschke and Oversby, 2002;
Altmaier et al., 2013), a subset of uranium and plutonium solids that could precipitate as
secondary phases was taken from the ThermoChimie database or from the literature. For the
present progress report, one had:

e Uranium, UO,:2H,0(am), UO; 25(s), UO, 34(beta), UO,67(S), rutherfordine, schoepite,
soddyite, studtite, uranophane;

e Plutonium, PUCO30H(s), PuO,(coll-hyd), Pu(OH)4(am), PuO,(OH)(s),
PuO,(OH)2:H,0(s), PUO2(CO3)(s).

The well-crystallized UO,, PuO, and Pu(OH)3 were discarded since they were not expected to
precipitate in the present experimental conditions. The thermodynamic constant of studtite
was taken from Gimenez et al. (2014). The lower limit of the amorphous UO,:2H,0 solubility
was considered in the modeling (see Odorowski et al., 2017). The selection of the secondary
minerals could vary according to the experiments (i.e. Sec 3 or Sec 4). Eventually, the
formation constant of Ug73Pup2;0, was roughly estimated from an ideal solid solution
between UO, and PuO,. However, this phase was only under kinetic control in the modeling.

The anoxic corrosion of metallic iron Fe(0) was under kinetic control only. Goethite (Fe(ll1)-
OOH) and siderite (Fe(I1)COg3) were the two secondary phases (i.e. the corrosion products)
that could precipitate at thermodynamic equilibrium in the modeling.

2.3 Modeling of reactive diffusive transport with HYTEC

The diffusive transport of a reactive species i is coupled to chemistry in HYTEC (van der Lee
et al., 2003) according to the following equation:

dawc;

Jdwc.
o=V (D) Ve ) - -

ot

(2-3)

The term D is the effective diffusion coefficient, w is the porosity, ¢; and c; are the mobile
and immobile concentrations of a species i per unit volume of solution, respectively. The
fixed or solid fraction is evaluated by the chemical calculations, whereas the aqueous fraction
is a function of the transport processes only. From a numerical point of view, chemistry and
transport are coupled through a sequential iterative algorithm. The transport module is based
on the representative elementary volume (REV) approach with finite volume calculation.
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In this experimental set-up without stirring, the transport of species was driven by diffusion
within the solution, especially between the UO, pellets and the iron foil separated by some
centimeters. A diffusion coefficient of 10° m%s in water was considered in the calculations.
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3 Modeling of Uy 73Puq 270, alteration under self a-radiolysis

3.1 Material and experiments

The microstructure of industrial MIMAS MOX fuels currently burned in nuclear power plants
IS heterogeneous with three different phases: an UO, matrix containing circa 3 wt.% of Pu,
agglomerates with 20 wt.% of Pu, and a coating zone with an intermediate composition
(Jegou et al., 2010; Odorowski et al., 2017). The modeling of a simpler MOX Fuel (24 wt.%
Pu, solid solution Ug73Pug270,) with a high but homogeneous plutonium distribution is,
therefore, a necessary step towards the modeling of the leaching of heterogeneous MOX
matrices. This reference material is the same as the one considered in the CEA contributions
to WP 4.

The unirradiated Ug 73Puo 270, pellets were fabricated at CEA Cadarache (COCA Process) and
stored under air in a hot-cell. After 30 years of storage period, one of the pellets was cut and
then annealed under Ar/H, 4% atmosphere to recover the radiation damage and to adjust the
stoichiometry of the sample. The dimensions of the leached cut pellets were about 2 mm thick
and 5.4 mm in diameter. Their density was 10.4 kg.dm™ (Kerleguer et al.).

The leaching experimental set-up, protocol, as well as the aqueous and solid phases had been
given in Kerleguer et al. submitted paper, not performed within the DISCO project.

3.2 Modeling of uranium and plutonium aqueous chemistry

In both the experiment and the modeling, the pH of the solution was slightly alkaline and
constantly buffered to 9.3 by HCOj3™ anions. The redox potential was around 0.350 V/SHE,
which corresponds to mildly oxidizing conditions at this pH.

The released uranium concentrations was consistent with the uranium solubility diagram of
Fig. 3-1a, where uranium is stabilized in solution as the strong U(V1) complex UO,(CO3)s*,
in the range 10° — 10™* mol.L™ (at pH 9 and Eh around 0.35 — 0.40 V), well below the
schoepite solubility limit.

The release of plutonium in solution was several orders of magnitude lower than uranium
release during the whole experiment. The plutonium release was very low with a chemistry
dominated by Pu(lV). The plutonium concentration in solution was almost constant, about
10° mol.L™. This concentration was compatible with a thermodynamic control by a
amorphous Pu(OH), phase at pH 9 and Eh around 0.35 — 0.40 V, the predominant species in
solution being a carbonate complex Pu(COs),(OH),*, as shown by the solubility diagram of
plutonium (Fig. 3-1b).
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Figure 3-1. CHESS solubility diagrams of uranium (a) and plutonium (b) as a function of redox
potential (V/SHE). The diagrams were plotted at a temperature of 25 °C, a pH of 9, an activity of
HCO; of 10 The red dots represent the experimental concentrations for the homogeneous MOX
(Kerleguer et al.), and the blue squares the heterogeneous MOX (Odorowski et al., 2016).

3.3 Model of kinetic processes

Under alpha irradiation, the most important species to be considered regarding Ug73PUo 2702
dissolution is H,O,. Under alpha irradiation, the most important species to be considered
regarding the dissolution of Ug73Pup270, is H0,. Several experimental studied have
calibrated the oxidative dissolution of UO, matrices with H,O,. The main oxidative species in
terms of concentrations is H,O, according to CHEMSIMUL calculation. It is not sure that
CHEMSIMUL has the full set of kinetic rate constants for all the radicals induced by
radiolysis in the complex chemistry of the COx water at neutral pH. All these reactions are
very sensitive to the chemistry and taking a semi-empirical calibration versus experiments
where H,0, is measured seems a reasonable approach within DISCO.

The hydrogen peroxide concentration in solution is controlled by one production term due to
water radiolysis and two consumption terms related to disproportionation and MOX
oxidation. The first step in the model development was, therefore, to take into account the
kinetics of the following processes:

e H,O, production by water radiolysis;
e H,0, consumption by the radiolytic dissolution of the Ug 73Pug 270, matrix;
e H,0O, disproportionation onto the surface of the U 73Pug 270, pellet.

Two additional possible mechanisms of consumption had been discarded by Kerleguer et al.
A blank experiment of hydrogen peroxide disproportionation in pure water inside the TiO,
cell used for the experiments had shown that this process was very slow (< 1% per day).
Raman spectroscopy did not indicate any precipitation of peroxide compounds at the surface
of the pellets.

DisCo 14



3.3.1 Modeling of the radiolytic production of H20>

The of}y activities of the MOX fuel were recalculated at the date of the leaching experiment
and the alpha, beta and gamma dose rates determined at the surface of a pellet and in the
homogeneous aqueous solution. These calculations indicated that the a irradiation field was
the main source of H,O, radiolytic production. The hydrogen peroxide production rate law by
water radiolysis at the vicinity of the MOX pellet was

d[H,0,(aq)]

i =), )

where A, is the volumetric surface area of the pellet in m2.L™. The constant k°™® normalized
to the surface pellet was calculated to be 1.10x10® mol.m%s™ considering

o the alpha dose rate of 9730 Gy.h;

e an alpha primary yield of 0.98 molecule/100eV for H,O, (Kerleguer et al.);
e an average o particle range of 40 um in water;

e the geometric surface of the pellets.

The hydrogen peroxide production rate was assumed to be constant during all the experiment.
3.3.2 Modeling of the radiolytic oxidation of Uo.73Puo.2702 by H202

In carbonate water, strong uranyl carbonate complexes prevent the precipitation of secondary
species and uranium can be used as a tracer of the alteration (Stroes-Gascoyne et al., 2005).
The dissolution of U(VI) phases can be considered relatively instantaneous. The uranium
oxidation of the MOX surface by hydrogen peroxide is therefore directly linked to the
uranium release rate and can be used to determine the H,O, consumption rate by the uranium
oxidation in the MOX. Furthermore, one mole of uranyl in solution corresponds to one mole
of H,O, consumption, thus the kinetic of uranium dissolution is equal to the H,0O,
consumption. The oxidative dissolution rate law of the Ug 73Pug 270, matrix was

d[Uy 73Pug 2702

It ] = (- k™ [Hy0,(aq)]) A, (3-2)

where A, is again the volumetric surface area of the pellet in m.L™. This equation is rather
similar to the dissolution law given by Merino et al. (2005) for the radiolytic dissolution of
UO, powder.

Two successive dissolution regimes were observed in the experiments (Kerleguer et al.): an
initial dissolution at a uranium release rate k™x[H,0,(aq)] of 1.4x10° mol.m%s™* during the
first 30 days, and then, a long-term dissolution regime at a rate of 8.8x10™** mol.m?.s™.
Considering the maximal steady-state H,O, concentration of 10”7 mol.L™, the corresponding
rate constants k¢ were about 1.4x102 mol.m?.s and 8.8x10™* mol.m2.s™, respectively.

The oxidative dissolution by dissolved molecular oxygen generated by disproportionation of
hydrogen peroxide was not taken into account in the modeling for the sake of simplicity, since
the kinetics of the reaction of UO, with O, is known to be slower than the reaction with H,O,.
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